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A visible-blind ultraviolet (UV) photodetector can detect UV signals
and is not interfered with by visible light or infrared light in the
environment. In order to realize high-performance visible-blind UV
organic photodetectors (OPDs), we design photomultiplication-type
(PM-type) OPDs by using a novel strategy. Firstly, wide bandgap
organic semiconductor materials, which do not absorb visible light,
are selected as donors to absorb UV light. Secondly, a very small
amount of Cgq is used as an acceptor to trap photogenerated elec-
trons. These accumulating electrons near the Al electrode form a
potential, which leads to band bending and narrowing of the interface
barrier, thereby assisting hole-tunneling injection to form a multi-
plication. The fabricated visible-blind UV PM-type OPDs with donor/
acceptor doping ratio of 50 : 1 exhibit a narrowband response with full-
width at half-maximum (FWHM) of approximately 36 nm, an ultrahigh
external quantum efficiency of 1.08 x 10°% and a remarkable specific
detectivity of 1.28 x 10'* jones at 335 nm wavelength under —14 V
bias. The UV-to-visible rejection ratio exceeds 10° by adjusting the
donor/acceptor mixing ratios. The devices made with other wide
bandgap organic materials also showed similar performance, indicating
that this device structure provides an effective method for the prepara-
tion of high-performance visible-blind UV PM-type OPDs. In addition,
we prepared a flexible visible-blind UV PM-type OPD based on a PET
substrate and integrated it with a flexible OLED to fabricate a wearable
UV monitor, which can visually detect the intensity of UV light.

Introduction

Photodetectors have a wide range of applications for imaging
systems, artificial vision systems, environmental surveillance
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New concepts

The novel concept of preparing visible-blind narrowband UV PM-type
OPDs by selecting wide bandgap organic semiconductor materials as the
donor and a very small amount of Cg as the acceptor has been
demonstrated. The absorption of visible light by the active material can
be effectively weakened, which is very beneficial for the device to achieve
UV visible-blind characteristics. Ultra-high EQE values are also achieved
by the photomultiplication process due to the unbalanced charge
transport properties induced by the low-doping system. Also, the
approximate performances were obtained using other wide bandgap
materials, indicating that our preparation method exhibits universal
applicability. In addition, unlike previous studies, we used the vacuum
evaporation method to prepare the devices, avoiding the problems of easy
aggregation of inorganic nanoparticles and poor reproducibility of device
performance in conventional polymer/inorganic hybrid systems.
Considering the high photomultiplication and UV-selective response
characteristics of the prepared UV PM-type OPD, we integrated a
flexible UV PM-type OPD with a flexible OLED to obtain a wearable UV
monitor, which can detect weak UV light without an additional external
current amplifier. Our research will provide a new idea for the
preparation and application of visible-blind UV PM-type OPDs.

and remote monitoring." Organic photodetectors (OPDs) are
becoming increasingly attractive due to the unique optical and
electrical properties of organic semiconductors, such as light-
weight, transparency, mechanical flexibility and adjustable
absorption spectrum.*”® Among OPDs, narrowband OPDs, which
can effectively detect light signals of specific wavelengths, are
especially useful in the fields of spectroscopy, fluorescence
microscopy, environmental analysis, surveillance, and defense
applications.””® To achieve the narrowband response, the most
common method is developing materials with a narrow light
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absorption characteristic. Besides, combining a bandpass optical
filter with photodetectors to detect light of various wavelengths
is also an effective method. However, this approach not only
limits the sensitivity and responsivity of OPDs due to the optical
transmission delays and attenuations, but also complicates the
design and increases the cost. The ideal narrowband OPDs should
be able to detect the required spectrum without using bandpass
optical filters. Recently, Burn’s group'® proposed a new strategy to
achieve narrowband response photodetectors via the charge
collection narrowing (CCN) method. The mechanism of CCN is
that light with different wavelengths has different charge collec-
tion efficiency because of its different penetration depth in the
active layer. When the active layer thickness is increased from the
nanometer range to the micrometer range, only long-wavelength
light can penetrate through the entire active layer. Therefore,
narrowband response characteristics can be achieved by increa-
sing the thickness of the active layer. However, this method is
suitable for the preparation of red or near-infrared (NIR) OPDs
instead of UV OPDs. Combined with the CCN mechanism, Zhang
et al.™ reported red-light narrowband response PM-type OPDs
based on a thick P3HT:PC,;BM (100:1, wt/wt) active layer by
using trapped electron induced hole tunneling injection. The
champion EQE value of the PM-type OPDs remarkably increased
to 53500% under a high bias of —60 V. At the same time, the
FWHM of about 30 nm was successfully achieved. Although the
red-light response PM-type OPDs shows good narrowband
response characteristics, the relatively high applied reverse bias
needs to be further reduced to meet requirements for practical
applications.

UV-PDs have a wide range of applications, such as chemical,
environmental and biological analyses and monitoring, flame
and radiation detection, astronomical studies, missile detection
and optical communications.”>** UV PM-type OPDs have been
reported by using organic-inorganic blending active layers, where
the inorganic nanoparticles (such as ZnO and TiO,) served as
electron traps to enhance hole injection from the cathode. Huang
et al"® reported UV PM-type OPDs using ZnO nanoparticles
combined with poly(vinyl carbazole) (PVK) as an active layer,
which exhibited ultrahigh EQE peaks of up to 2.4 x 10°% and a
peak specific detectivity (D*) of 3.4 x 10" jones under a reverse
bias of —9 V and 360 nm illumination. Then, they also reported
narrowband PM-type organic/inorganic hybrid photodetectors by
introducing CdTe'® and PbS" quantum dots (QDs) as charge
traps into the photoactive layer. These OPDs achieved PM charac-
teristics by doping QDs and exhibited a narrowband response in
red light and NIR due to the limitation of QDs absorbing long
wavelengths. Shao et al.'® fabricated UV PM-type OPDs based on
a nanocomposite active layer composed of TiO, blended with
1,3-bis(Ncarbazolyl)benzene (mCP), which showed an EQE of
about 8.5 x 10"% under a reverse bias of —10 V and 351 nm
illumination. Yu et al.*® fabricated flexible UV PM-type OPDs on
ITO-coated poly(ethylene terephthalate) substrates with a nano-
composite active layer composed of ZnO nanoparticles blended
with a wide bandgap conjugated polymer, poly(9,9-dioctyl-
fluorenyl-2,7-diyl)-alt-co-(bithiophene) (F8T2). The maximum
EQE reached 2170% under 360 nm light illumination and
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220% under 510 nm light illumination at —15 V bias, and both
EQE peaks had FWHM values below 20 nm. Although the UV
PM-type OPDs can be achieved by using organic-inorganic
active layers, it is necessary to further improve the stability
and repeatability since inorganic nanoparticles are prone to
aggregation. Although the above-mentioned breakthroughs in
EQE have been achieved, the devices have more or less
response to visible light, which does not meet the requirements
of visible-blind UV-PDs.

At present, there are no reports on visible-blind UV PM-type
OPDs prepared with fully organic materials, mainly because
most organic materials absorb visible light and lack an effective
wide bandgap donor-acceptor material combination. Therefore,
the preparation of high-performance visible-blind UV PM-type
OPDs faces a great challenge. Here, we designed and successfully
fabricated visible-blind UV narrowband PM-type OPDs using
TAPC: C¢o with a weight ratio of 50:1 as the active layer. The
wide bandgap organic semiconductor material TAPC was used as
a donor to achieve a visible-blind UV response. A very small
amount of the acceptor Cq, which weakens the visible light
response was used as the trap center of electrons to achieve
the PM. The fabricated UV PM-type OPD exhibited strong
UV-selectivity with the FWHM about 36 nm and a spectral
response cutoff around 370 nm with a UV/visible rejection ratio
of about 620. The combination of a high PM mechanism with
narrowband response characteristics makes the resulting OPDs
highly efficient and selective for UV detection. The maximum EQE
and D* values of the fabricated visible-blind UV PM-type OPDs
reached 1.08 x 10°% and 1.28 x 10" jones under 335 nm
illumination at —14 V bias, respectively. Obviously, the utilization
of the simple device structure in the fabricated visible-blind UV
PM-type OPDs with ultra-high photoresponse greatly simplifies
the preparation process and reduces the production cost, which
has great prospects in the fields of large-area flexible devices.

Experimental section
Materials

The hole-injection material of di-[4-(N,N-ditolyl-amino)-phenyl]-
cyclohexane (HAT-CN), hole transporting materials of di-4-(N,N-
di-p-tolyl-amino)-phenylcyclohexane (TAPC), N,N’-bis(naphthalen-
1-yl)-N,N’-bis(phenyl)-benzidine (NPB), 4,4’-bis(carbazol-9-yl)-
biphenyl (CBP), 4,4’,4"-tris(N-3-methylphenyl-N-phenyl-amino)-
triphenylamine (m-MTDATA) and 4,4',4"-tris(carbazol-9-
yl)phenylamine (TCTA), electron-transporting materials of
fullerene-Cgo (Ceo) and bis[2(2-hydroxyphenyl)pyridinato]-
beryllium (Bepp,), electron-injection material of 8-hydroxy-
quinolatolithium (Liq), and green phosphorescent material
of bis(2phenylpyridine)iridium(um)-acetylacetonate [Ir(ppy).(acac)]
were purchased from Jilin OLED Material Tech Co. Ltd. All the
materials were used as received.

Fabrication of PM-type OPDs

The substrates were first thoroughly cleaned using detergents
and deionized water successively in an ultrasonic bath for

This journal is © The Royal Society of Chemistry 2021
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90 minutes. Then, the devices were fabricated by vacuum
thermal evaporation of the organic materials on cleaned ITO-
coated glass substrates with a sheet resistance of 10 Q sq .
TAPC and Cg, active layer materials were simultaneously eva-
porated under high vacuum conditions (pressure ~10° Pa)
to obtain a blend film. The aluminum (Al) electrodes were
deposited on the active layer through a shadow mask. The
thickness of the active layer and Al electrode was controlled
in situ by a quartz crystal monitor and calibrated by a D-150
surface profiler (Veeco Precision Instrument Co., Ltd). The
active area of each device was 16 mm?®.

Characterization of PM-type OPDs

The UV-Vis absorption spectrum of the organic materials on a
quartz substrate was measured using a Hitachi U-4100 spectro-
photometer. The EQE of the PM-type OPDs was measured by
using a phase-locking technique. The incident light from a
halogen lamp (250 W) was modulated at 4 Hz by a chopper,
then passed through a double monochromator and focused on
the active areas of the devices. The photocurrent signal generated
by the PM-type OPDs was first amplified by a low-noise transim-
pedance amplifier (SR570, Stanford Research Systems), and then
detected using the SR830 lock-in amplifier. The reverse biases on
the PM-type OPDs were provided by Keithley 236 sourcemeters.
A crystalline silicon photodiode (S1337-1010BQ, Hamamatsu)
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calibrated by the National Institute of Metrology of China was
used as a reference before each measurement. For the dark
current measurement, the current-voltage characteristics were
recorded using a Keithley 2636B source measurement unit.
In order to avoid interference from external noise signals, the
PM-type OPDs were shielded in a metal case for testing. All the
measurements were carried out under ambient conditions.

Results and discussion

The device structure and the molecular structures of the used
active materials are shown in Fig. 1. ITO and Al are used as the
anode and cathode of the devices, respectively, and the
TAPC:Cgo blend film is used as the photoactive layer of
the devices. The wide bandgap of TAPC as a donor can ensure
that it has strong UV absorption and almost no absorption in
the visible light region. In addition, its hole mobility as high as
1 x 1072 em® V7' s7'%° can also help improve the device
performance. Cg, is a commonly used electron acceptor mate-
rial in organic photovoltaics due to its high electron mobility of
1.6 ecm® V! 572! Moreover, Cg, is a good electron transport
material with a much longer hole trapping time than electron
transit time.>> Thus, Cg, with a low doping ratio will form
isolated ‘“clusters” in the active layer, which will make it
difficult to form a continuous electron transport channel in
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Fig. 1 (a) Device structure diagram of the fabricated UV PM-type OPDs. (b) Chemical structures of the used organic materials. (c) Energy level diagram of
the fabricated UV PM-type OPDs. (d) Normalized absorption spectra of TAPC, Cgo and TAPC:Ceo blend films. Inset: Absorption spectra of TAPC and

TAPC : Cgp (50:1, wt/wt) films in the wavelength range of 350-700 nm.
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devices. Therefore, Cg is used as both the acceptor material
and the carrier trapping defect to realize the PM process. The
energy band diagram of the fabricated visible-blind UV PM-type
OPDs is shown in Fig. 1c. TAPC possesses a very large HOMO
value, which leads to a large hole injection barrier between the
HUMO of TAPC and the work function of Al. As a result, the
hole injection from the Al electrode to TAPC is greatly sup-
pressed, which is beneficial for reducing the dark current of the
devices. The UV-vis absorption spectra of TAPC, Cg, and
TAPC:Cg, blend thin films are presented in Fig. 1d. It can be
seen that the absorption of TAPC is mainly in the UV region,
and is weak in the visible light range with the absorption cut-off
wavelength located at 370 nm, which corresponds to its wide
optical bandgaps of 3.5 eV. The absorption range of Cg
includes both UV and visible light ranges and is stronger in
the UV region. The TAPC:Cg, blend film with the doping ratio of
50:1 shows strong absorption between 300 and 370 nm with a
peak around 335 nm, which is similar to the pure TAPC film.
Due to the low weight ratio of Cgy, the absorption of the
TAPC:Cg blend film only exhibits a slight increase in the visible
light range, as shown in the inset of Fig. 1d, so the spectral
response range of the devices will be mainly determined by the
donor materials.

EQE is defined as the ratio of charge carriers collected to
incident photons, which can be calculated by applying the
equation: EQE = (Jou/q)/(Pin/hv) = (Ji — Ja)hv/qPin, where [y, is
the photogenerated current density, q is the elementary charge

(@)
——9V —-12V
1 -
000002 ——-10V 13V
800000 | oV ——-14V
< s this work  proadband
£ 600000 "’ 4? 1
G i JpY A
L 400000 } g 10 ‘m A
10° 113‘ A A@—visible
200000 1k S, 2 & p
00 400 500 600 700 800
0 A\ . Wavelengthl(nm)
300 350 400 450 500
Wavelength (nm)
(c) 3000 5V
— 2500 ——-10V
% A1V
< 2000 ——-12V
> 13V
§ 1500 ——-14V
8 1000
Q
% 500

0 /' v 2 n
300 350 400 450 500
Wavelength (nm)

Fig. 2 (a) EQE, (b) Jq — V. (c) R, and (d) D* characteristics of the fabricated
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(1.6 x 107"° C), Py, is the incident light intensity, # is Planck’s
constant, v is the spectral frequency, J;, is photocurrent density,
and Jy is dark current density. An EQE value exceeding 100%
indicates that the devices have realized the PM process, namely,
multiple charge carriers can be collected per incident photon.
We characterized the EQE spectra of the fabricated UV PM-type
OPDs under different reverse biases. As shown in Fig. 2a, the
devices exhibit a narrowband response ranging from 300 nm to
370 nm, which agrees well with the absorption spectra of active
layer materials. Meanwhile, the EQE values are dramatically
increased with the increase of applied bias, which can be
attributed to the enhancement of hole-tunneling injection
and hole transport ability resulting from the increase of the
internal electric field in the device. As we know, the energy level
of TAPC will be more tilted under a larger applied bias, which
can further decrease the width of the hole tunneling barrier
from the Al cathode into the active layer, thereby enhancing the
hole injection. In addition, the hole transport ability in
the active layer is also accelerated under high voltage, which
shortens the transport time of the holes for passing through the
whole active layer. The peak EQE as high as 1.08 x 10°% at
335 nm wavelength under —14 V bias is achieved, which should
be the maximum value in the reported PM-type OPDs. The peak
EQE values of our device and the reported organic or organic/
inorganic photodetectors are summarized in the inset of
Fig. 2a.>>?%30™%" The ultrahigh gain characteristics of our
PM-type OPDs can be attributed to the fact that the low doping
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Ceo can effectively trap electrons and enhance hole tunneling
injection. In addition, the injected holes can quickly transport
to the anode through the HOMO level of TAPC due to its high
hole mobility, reducing the recombination probability of holes
and electrons. In order to verify the versatility and effectiveness
of the device structure, we prepared the PM-type OPDs using
several common wide bandgap organic hole transport materials
(CBP, TCTA, m-MTDATA, and NPB) as a donor. The EQE charac-
teristics of all the fabricated OPDs are shown in Fig. S1 (ESIt).
It can be seen that all the devices have excellent PM effects, and
the maximum EQE values reach 55413%, 208 333%, 238 817%
and 347 267%, respectively. Moreover, all the fabricated PM-type
OPDs show good narrowband response characteristics with the
FWHM of ~34 nm, ~33 nm, ~62 nm and ~ 74 nm, respectively.
In addition, the EQE curve of the devices is consistent with the
absorption spectrum shape of the respective hole transport
material, as shown in Fig. S2 (ESIt). This further indicates that
the method of reducing the acceptor doping ratio is an effective
way to prepare narrowband response PM-type OPDs, and the
spectral response range is mainly determined by the donor
materials. On the other hand, the EQE values of the devices
corresponding to these wide bandgap materials are lower than
that of the TAPC-based device, which can be explained by the
equation: EQE = yt/T = ytuV/L? (1 is the fraction of excitons that
dissociate into charge carriers, 7 is the lifetime of the trapped
electrons, T is the hole transport time, p is the hole mobility,
V is the applied bias, and L is the thickness of the active
layer).”>** 1t is clear that EQE is proportional to the hole
transport capacity of the active layer. As shown in Fig. S3 (ESIf),
TAPC has the highest hole mobility, which leads to the corres-
ponding devices exhibiting the highest EQE values. Moreover,
since the hole injection barrier between the m-MTDATA and Al
electrode is significantly smaller, the EQE values of the corres-
ponding devices are instead lower despite the fact that TCTA
and CBP have a relatively higher hole mobility than m-MTDATA.
Therefore, the EQE values of PM-type OPDs are determined by a
combination of the hole tunneling injection process and the hole
transport capacity of the active layer.

The dark current density versus voltage (Jq — V) curve of the
fabricated UV PM-type OPDs is shown in Fig. 2b. Under reverse
bias conditions, electrons can be easily injected from ITO into
the LUMO of G4, because of the relatively small electron
injection barrier of about 0.3 eV. However, the electron current
can be neglected because the doping ratio of Cg, is too low to
form a continuous electron transport channel in the active
layer. Holes can be hardly injected from the Al cathode into the
HOMO of TAPC because of the relatively large hole injection
barrier of about 1.2 eV. Therefore, the fabricated UV PM-type
OPDs exhibit a low J; under reverse bias. Under forward bias
conditions, the electrons cannot still be effectively transported
in the active layer due to the absence of continuous electron
transport channels. However, the holes can be injected from
ITO into the HOMO of TAPC due to the relatively small hole
injection barrier of about 0.7 eV, resulting in a larger dark
current under forward bias conditions than that under the
reverse biased conditions.

This journal is © The Royal Society of Chemistry 2021
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To further evaluate the device performance, the corres-
ponding responsivity (R) and specific detectivity (D*) of the
fabricated PM-type OPDs were calculated. The value of R is
calculated according to the equation: R = EQE X hv/q, where hv
is the energy of the incident photon in electron-volts, and g is
the electron charge. The photoresponsivity spectra of the
fabricated devices under different bias voltages are shown in
Fig. 2c. Under —14 V reverse bias, the maximum R up to 2.91 x
10> A W' is obtained at 335 nm wavelength. On the assump-
tion that the total noise-current is dominated by a shot
noise component in the dark current, D* can be expressed as
D* = R/(2q]4)"?, where q is the electron charge and J, is the dark
current density of the device. As shown in Fig. 2d, the D* value
reaches a maximum value of 1.28 x 10" jones at / = 335 nm
under the bias of —14 V, which is one of the largest values
among those of the previously reported UV narrowband
response PM-type OPDs.”® The high R and D* values of the
fabricated PM-type OPDs should be attributed to the relatively
large EQE and small dark current.

The working processes of our UV PM-type OPDs in the dark
and light are shown in Fig. 3. Under dark and reverse bias
conditions, the low concentration of Cg, makes electrons
difficult to transport to the Al electrode, and the large hole
injection barrier also makes hole injection difficult. Therefore,
the device exhibits low dark current characteristics. As illu-
strated in Fig. 3b, the TAPC:Cq, active layer absorbs incident
photons and generates excitons under UV irradiation, and then
the photogenerated excitons are separated at the interface
between TAPC and Cg, to generate electrons and holes. The
separated holes can be easily transported to the ITO electrode
along the HOMO energy level of TAPC. And the photogenerated
electrons will be trapped on Cg, molecules near the Al electrode
due to the lack of an efficient electron transport pathway.
The trapped electrons can build up an electric field to induce
TAPC/Al interfacial energy band bending and decrease the hole
injection barrier width, which is beneficial to enhance the
hole tunneling injection into the HOMO of TAPC from the
Al cathode. Therefore, the device successfully realizes the
PM according to the trap-assisted hole tunneling injection
mechanism, thereby improving the ability to detect weak light.
As a result, the OPDs are transformed from a low-noise
photodiode in the dark to a high-gain photoconductor under
illumination because the Schottky contact is replaced by the
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Fig. 3 Energy band structures of the fabricated UV PM-type OPDs at
reverse bias under (a) dark and (b) light conditions. The device structure is
ITO/TAPC : Cgo (50:1, 80 nm)/AL (100 nm).
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Ohmic contact.*® Accordingly, the Al/TAPC interface acts as a
valve for hole tunneling injection, which can be triggered by
trap-assisted interfacial band bending under light illumination.

In order to reduce the dark current of the fabricated UV
PM-type OPDs, we further studied the effect of the active layer
thickness on the dark current of the device. As shown in Fig. 4a,
as the thickness of the active layer increases, the dark current
density of the device is significantly reduced because the hole
transport is blocked. The active layer thickness increase from
100 nm to 250 nm causes the active layer near the Al electrode
to absorb less light and accumulate fewer electrons. Thus, the
EQEs of the devices gradually decrease with the increase of the
active layer thickness, as shown in Fig. 4b, from 753 655% to
560 606%, 519949% and 375 075%. At the same time, since R
and EQE have a proportional relationship, increasing the
thickness of the active layer also reduces the R of the device,
as shown in Fig. 4c. However, the significantly reduced dark
current greatly improves the D* of the devices, as shown in
Fig. 4d, and the maximum D* of the devices increases from
5.9 x 10" jones with a thickness of 100 nm to 1.5 x 10"* jones
with a thickness of 200 nm. It is further observed that the full
width at half maximum (FWHM) decreases as the thickness of
the active layer increases. For example, the OPDs with 100 nm
and 200 nm thickness of active layers have a corresponding
FWHM of ~36 nm and ~27 nm, respectively. Since the
penetration depth of different wavelength lights in the active
layer is different, the penetration depth of the short-wavelength
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UV light is the shortest.*® Therefore, as the thickness of the
active layer increases, the response of the devices to short-
wavelength light gradually decreases, which is consistent with
the CCN mechanism.?”"*° Meanwhile, the cutoff wavelength of
the spectral response of the devices is about 375 nm due to the
limitation of the TAPC absorption spectrum. In addition,
the transport of the holes injected by the tunneling process
becomes slower due to the increase of the active layer thick-
ness. The corresponding applied biases of the optimized
devices for different active layer thicknesses are —16 V,
—23 V, =30 V and —36 V, respectively. On the one hand,
increasing the thickness of the active layer can effectively
reduce the dark current density, thereby improving the detec-
tion performance of the devices. On the other hand, the thicker
active layer will also increase the operating voltage of
the devices, which is not conducive to practical applications.
Therefore, the thickness of the active layer needs to be reason-
ably selected according to actual requirements.

To investigate the repeatability and stability of the fabricated
UV PM-type OPDs, we continuously fabricated 16 devices with
the structure of ITO/TAPC: Cgo(50:1, 80 nm)/Al. Fig. 5 shows
the statistical distribution in the EQE values of the devices
under —14 V bias voltage. The maximum EQEs range from
700000% to 1200000%. According to the Gaussian function
fitting result (shown as red curves), the average EQE value of
the fabricated UV PM-type OPDs is around 950 000%. Approxi-
mately 75% EQE values of the devices are located near the
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Fig. 4 (a) Jg. (b) EQE, (c) R, and (d) D* characteristics of the fabricated UV PM-type OPDs with different active layer thicknesses. The device structure is

ITO/TAPC : Cg0(50:1, 100 nm, 150 nm, 200 nm, 250 nm)/Al (100 nm).
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Fig. 5 Statistical distribution in the EQE values of the 16 fabricated UV
PM-type OPDs at the wavelength of 335 nm under the bias of —14 V.

average value, indicating that the fabricated devices have
excellent device-to-device uniformity and reproducibility.
Moreover, we also find that the maximum EQE value of the
devices shows negligible decay after 10 days of storage under
ambient conditions, which indicates that the fabricated UV
PM-type OPDs show good stability. In addition, a constant
responsivity from weak light to strong light is important for
photodetectors in a wide light intensity range in practical
applications. As shown in Fig. S4 (ESIt), we characterized the
photocurrent variation of the fabricated UV PM-type OPDs
under UV light intensity ranging from 10”7 to 107> W cm >
and —14 V applied voltage conditions. The fabricated UV
PM-type OPDs show about 3 orders of magnitude linearly
increasing response within the incident light intensity range
from 1.2 x 10 ° to 1.5 x 10> W em ™.

According to the PM mechanism, we know that the doping
ratio of Cg in the active layer will affect the gain of the devices,
and also determine the response in the visible light range.
Fig. 6a shows the EQE curves of the resulting PM-type OPDs
with four different active layer doping ratios. The device with

EQE (%)
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G
N
)
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the doping ratio of 50:1 exhibits the largest EQE among the
four devices, which is consistent with previous reports.>>>! The
device with the lowest Cq, doping ratio of 200:1 exhibits
the lowest EQE as fewer electrons are trapped on Cgy, which
results in fewer hole tunneling injections from electrodes
under light illumination. It can be seen that the EQE values
decrease with the increase of Cgo doping ratios, which should
be attributed to the weakening of the hole tunneling injection
and the decreasing of the hole mobility in the active layer with
higher Cgq, concentration. Further increasing the doping ratio
(10:1) will form continuous electron percolation pathways
in the active layer, thereby giving the device no gain charac-
teristics. UV/visible rejection ratio is defined as the ratio
between the peak response and the response at longer visible
wavelengths, which is also an important performance para-
meter for UV photodetectors. The donor/acceptor doping ratio
will significantly affect the UV/visible rejection ratio of the
devices. As shown in Fig. 6a, the doping ratios of 200:1,
100:1, 50:1 and 10:1 correspond to the rejection ratios (the
ratio of EQE between 335 and 570 nm) of ~2760, ~ 1340, ~ 620
and ~50, respectively. Therefore, the response in the visible
light range can be reduced by decreasing the Cg, doping ratio,
which helps to obtain more efficient visible blind UV OPDs. The
rejection ratio of our fabricated PM-type OPDs is one of the best
results in the reported UV response OPDs.'**>%3

We further studied the effect of the active layer doping ratio
on the transient photocurrent response of the resulting
PM-type OPDs. The rise time (7,) is the time required for the
photocurrent to rise from 10% of the stable value to 90%. The
fall time (t¢) is the time that it takes for the photocurrent to fall
from 90% of the stable value to 10%. The transient response of
the fabricated UV PM-type OPDs was measured by periodically
turning on and off a 365 nm UV LED with modulated square
waves (0.1 Hz). Fig. 6b shows the transient photocurrent
characteristics of the devices with the doping ratios of 200:1,
100:1, 50:1 and 10:1. The 7, values of the corresponding
devices are 0.60 s, 0.48 s, 0.39 s and 0.19 s, and the 7; values
are 2.21 s, 1.63 s, 1.06 s and 0.43 s, respectively. It is shown that

10 12 14 16 18
Time (s)

Fig. 6 (a) EQE and (b) transient photocurrent responses of the fabricated OPDs with different donor : acceptor doping ratios at —14 V and 365 nm
illumination. The pulse frequency is 0.1 Hz. The used device structure is ITO/TAPC : C60(200:1, 100:1, 50:1, 10:1, 80 nm)/AL
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Fig. 7 (a) Schematic illustration of the wearable UV monitor. (b) The composition and circuit connection of the UV monitor. The device structure of (c)
flexible UV PM-type OPDs and (d) flexible OLEDs. (e) The photographs of wearable UV monitor under different UV light intensity. The UV light intensity

was 0, 3.6, 6.9, 10.5, 14.4, 38.9, 69.1, 183, and 400 uW cm™2, respectively.

the response speed of the devices gradually becomes faster as
the Cqo doping ratio increases. For the resulting PM-type OPDs
with the ratios of 200:1, 100:1 and 50:1, the photocurrent
mainly comes from hole tunneling injection assisted by
trapped electrons on Cgo near the Al cathode. As the doping
ratio of Cgp in the active layer increases, sufficient electrons can
be captured quickly. Therefore, the 7, of the devices is gradually
reduced. The 7¢ mainly depends on the time required for the
captured electrons to be released from Cg, and transported to
the electrode. The low Cg, doping ratio will result in a slower
electron transport speed due to fewer electron transport path-
ways. With the increase of the Cq, doping ratio, the released
electrons can be transported quickly to the corresponding
electrode, thus shortening the fall time. For the photodiode
type OPDs (10:1), the photocurrent mainly comes from the
photogenerated exciton dissociation and charge carrier collec-
tion under reverse bias. Since there are no processes of trapping
and releasing electrons, the 7, and ¢ of the devices are relatively
smaller. These results further indicate that the working mecha-
nism of the fabricated UV PM-type OPDs is the trap-assisted
hole tunneling injection model. Therefore, we can adjust the
PM value, rejection ratio and response speed of the resulting
UV PM-type OPDs by changing the Cqo doping ratio in the active
layer, thereby satisfying various application requirements.

In addition, we fabricated flexible visible-blind UV PM-type
OPDs and flexible OLEDs based on a PET substrate, where the
ITO electrodes (~25 Q sq ') were prepared by magnetron
sputtering. Then, as shown in Fig. 7a, we integrated the flexible
visible-blind UV PM-type OPD with the flexible OLED to obtain
a wearable UV monitoring display. Fig. 7b shows the configu-
ration of the wearable UV monitor. The flexible UV PM-type
OPD and the flexible OLED are connected in series via a

2300 | Mater. Horiz., 2021, 8, 2293-2302

conductive tape and then connected to a power supply through
wires to form a complete circuit. Fig. 7c and d show the device
structure of the flexible visible-blind UV PM-type OPD and
OLED. The detailed device structures are as follows, PET/ITO/
TAPC: Cq (50:1, 80 nm)/Al (100 nm), PET/ITO/HAT-CN (15 nm)/
TAPC (50 nm)/TCTA (5 nm)/Bepp, : 8 wt% Ir(ppy),(acac) (15 nm)/
Bepp, (40 nm)/Liq (1.5 nm)/Al (100 nm). Since the flexible visible-
blind UV PM-type OPD can generate enough photogenerated
current under the applied bias voltage and UV illumination, it
can drive the OLED to work well without an additional external
current amplifier. Meanwhile, the flexible visible-blind UV
PM-type OPD exhibits UV wavelength selective response charac-
teristics, so that other wavelengths of light cannot cause the UV
monitor to operate. To demonstrate these, we selected LEDs with
different emission colours (UV, blue, green and red) to irradiate
the flexible visible-blind UV PM-type OPD, and the results
proved that the OLED can only be driven under UV irradiation
conditions, as shown in the Supporting Video. Fig. 7e shows the
photograph of the luminance variation of the OLED in the UV
intensity range from 0 uW ¢m™> to 400 uW cm ™. It can be
clearly seen that the brightness of the OLED gradually becomes
stronger as the UV intensity increases. Besides, the integrated
wearable UV monitor also exhibits excellent weak light detec-
tion characteristics, which is mainly attributed to the PM
characteristics of fabricated visible-blind UV OPDs.

Conclusions

Ultrahigh gain UV narrowband response PM-type OPDs have
been successfully fabricated by the simple low concentration
doping method of an acceptor in the donor. The fabricated

This journal is © The Royal Society of Chemistry 2021
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devices showed a strong UV selective photoresponse from
300 nm to 370 nm with an FWHM of about 36 nm, which is
mainly determined by the absorption characteristics of the
donor materials. The optimized UV PM-type OPDs also exhi-
bited an ultra-high EQE (1.08 x 10°%) and D* (1.28 x
10" jones) at 335 nm wavelength. The devices prepared with
several other wide bandgap organic semiconductor materials
also exhibited good UV narrowband response characteristics,
indicating that this device structure has wide applicability.
Moreover, our research found that the doping ratio of donor
and acceptor in the active layer has a great influence on the PM,
rejection ratio and response speed of the devices. The rejec-
tion ratio of the optimized PM-type OPDs can exceed 10°.
In addition, we prepared a flexible visible-blind UV PM-type
OPD and flexible OLED using PET substrates and integrated
them into a wearable UV monitor, which can sensitively convert
UV light into a visualized optical signal. Therefore, we believe
that the realization of high-performance UV-sensitive PM-type
OPDs has great potential applications in chemical and biologi-
cal detection. Meanwhile, this design method can also be
applied to fabricate various wavelength narrowband response
PM-type OPDs by selecting different optical gap organic semi-
conductor materials as donor and acceptor.
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